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Abstract
Background

 Long non-coding RNAs (lncRNA) play critical roles in tumor occurrence and progression, including
ovarian cancer (OC). The lncRNA growth arrest-speci�c transcript 5 (GAS5) has been proved to be an
important modulator in the growth and metastasis of OC cells. Our studies con�rm that GAS5 is down-
regulated in OC; however, the potential molecular mechanism underlying it remains to be elucidated.

Results

  In our study, we demonstrated that the expression levels of GAS5 and PTEN decreased, while miR-96-5p
was up-regulated in ovarian cancer samples and cell lines compared with controls. PTEN is the
downstream target gene of miR-96-5p. The up-regulation of GAS5 inhibited the expression of miR-96-5p,
which directly targets PTEN. GAS5 overexpression can signi�cantly reduce OC cell proliferation and
invasion ability via suppression of miR-96-5p expression. PTEN/AKT/mTOR expression had a positive
correlation with GAS5 expression. Moreover, miR-96-5p promoted OC progression by mediating
PTEN/AKT/mTOR signaling pathway.

Conclusion

 Our study identi�ed GAS5 as a ceRNA which regulates the PTEN/AKT/mTOR axis through sponging miR-
96-5p in OC.

Background
Ovarian cancer (OC) is one of major malignant tumors of the female reproductive organs with highest
mortality rate (1). Ovarian cancer is pathologically classi�ed into several subtypes, including epithelial
OC, which accounts for 85–90% of malignant ovarian tumors. Compared with the early stage, the
prognosis of pathologically advanced high-grade serous OC is poor, the 5-year overall survival rate of
which is only 27% (2). Despite current therapies, e�cient treatment designed to prevent recurrence
remains limited. Therefore, an in-depth understanding of the underlaying mechanism of OC will
contribute to the development of novel and effective therapy strategies.

Long non-coding RNA (lncRNA) is a subclass of endogenous, non-protein coding RNA, which lacks an
open reading frame and usually consists of more than 200 nucleotides(3). increasing evidence suggested
that lncRNAs are involved in various biological processes such as gene transcription, genomic imprinting,
transcriptional activation, epigenetic modi�cation, and miRNA regulation (4). Undoubtedly, lncRNAs have
been investigated of their role in the cancer development. LncRNAs have emerged as new potential
cancer treatment strategy (5). Growth arrest-speci�c transcript 5 (GAS5), an important lncRNA, is
transcribed from the non-protein encoded small nucleolar RNA (snoRNA) gene GAS5 (6). Altered GAS5
have been demonstrated in many different cancers. In cervical cancer, studies have revealed that GAS5
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can regulate resistance to cisplatin by regulating miR-21 (7). In prostate carcinoma, lncRNA GAS5 can
target miR-103 through the AKT/mTOR signaling pathway and inhibits proliferation and progression of
prostate cancer (8). In colorectal cancer, GAS5 snoRNAs were associated with p53 expression and has a
close relation with DNA damage level (9). A previous study con�rmed that the level of lncRNA GAS5
reduced in OC with great signi�cance and indicated a poor prognosis (10). However, the biological
mechanism of GAS5 in the ovarian cancer is largely unknown.

MicroRNAs (miRNA) are a group of, non-coding RNAs that consist of nearly 22 nucleotide and can
negatively regulate gene expression in a post-transcriptional manner (11, 12). MiRNAs play an essential
part in various biological processes, like cell proliferation, autophagy, apoptosis and differentiation (13).
At the same time miRNAs demonstrated critical roles in OC in prior studies (14). Recently, researches
revealed the vital role of miR-96-5p in tumor development. For example, miR-96-5p in�uences radio-
sensitivity of HNSCC cell lines by targeting phosphatase and tension homolog deleted on chromosome
ten (PTEN) expression (15). miR-96 can also improve human cancer cellular sensitivity to cisplatin and
PARP inhibition (16). In pancreatic cancer, miR-96-5p can inhibit KRAS function, acting as a tumor
suppressor.

In this study, we showed that the expression of lncRNA GAS5 was low among advanced OC patients. As
far as we can see, this study initially con�rmed that lncRNA GAS5 overexpression can inhibit cell
proliferation and invasion via mediating the miR-96-5p/PTEN-signaling axis in OC patients. As a result,
this study can be used as a reference version for clinical treatment of ovarian cancer by investigating the
possible function of lncRNA GAS5 through miR-96a-5p/PTEN axis.

Results
Overexpression of GAS5 suppressed the proliferation of OC cells in vivo

We previously con�rmed the GAS5 down-regulation in ovarian cancer tissues. Microarray results (3 EOC
samples vs. 3 normal samples) demonstrated that lncRNA GAS5 expression level was signi�cantly lower
in cancer samples. Real-time qPCR also revealed that GAS5 had a signi�cantly lower expression in 53
EOC samples, when compared to ten normal ovarian samples. Similarly, in cell lines, the expression of
GAS5 was obviously reduced when comparing OC cell lines with normal human ovarian epithelial cell
line. Conversely, GAS5 expression was positively associated with International Federation of Gynecology
and Obstetrics(FIGO) stage and histological type (Data not shown)(17). The present results are
consistent with the Gene Expression Pro�ling Interactive Analysis (GEPIA) database. Herein, GAS5 was
down-regulated in most tumors, including OC (Fig. 1A). Following transfection with GAS5 expression
vector, real-time qPCR exhibited overexpression of GAS5 in SKOV3 and HEY cell lines (Fig. 1B and C).
Figure 1D revealed GAS5 overexpression in cells transfected with GAS5 expression vector rather than in
those transfected with empty vector (P < 0.01, Fig. 1D). Moreover, in a mouse xenograft model, we
investigated the growth inhibition/anti-tumor effects of GAS5 in vivo. The mice were randomly distributed
into control group (NC group) and GAS5 stable overexpression group (GAS5 group). After �ve weeks, as
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shown in Fig. 1F, G and H, the tumor number and tumor weight were signi�cantly decreased by GAS5
injection. Nevertheless, there was no difference in weight between these two groups (Fig. 1E).
Furthermore, we compared PTEN expression in the tumor tissues of nude mouse by
immunohistochemical staining. The results showed that the proportion of positive cells in the GAS5
overexpression group were lower than that of the NC group in Fig. 2A (P < 0.05).

GAS5 suppressed proliferation and migration ability of OC cells in vitro

CCK-8 assay and colony formation assay revealed that GAS5 overexpression signi�cantly reduced the
proliferation of OC cells in vitro (P < 0.01) as shown in Fig. 2B. Viability of HEY and SKOV3 cell lines were
assessed after LV-GAS5 transduction(P < 0.05) as shown in Fig. 2C, the wound-healing assay showed
that overexpression of GAS5 can decrease the cell migratory capacity both in HEY and SKOV3 cells
(Fig. 3A and B). The results of transwell assay suggested that GAS5 overexpression decreased migration
ability of OC cells in vitro (Fig. 3C and 3D).

lncRNA GAS5 in�uences PTEN expression by competitive
binding with miR-96-5p
To explore the potential molecular mechanism of GAS5 in OC progression, we �rst investigated the
related recruitment of miRNAs. Microarray results (3 EOC samples vs. 3 normal samples) demonstrated
that lncRNA GAS5 expression was remarkably decreased in cancer samples in our previous research, at
the same time ,miRNAs were involved in the occurrence of OC cells as shown in our results of Agilent
ceRNA in heatmaps showing top 9 miRNAs (Fig. 4C). Bioinformatic analysis indicates that GAS5
possesses the conserved target site of miR-96-5p with a high a�nity score
(http://carolina.imis.athenainnovation.gr/diana_tools/web/index.php?r=site/tools). Fluorescence in situ
hybridization (FISH) images indicated that lncRNA GAS5 was located in the cytoplasm and the nucleus
of the SKOV3 (Fig. 4E). Furthermore, real-time qPCR showed the expression level of miR-96-5p in the
empty vector group and GAS5 group. We found that the expression of miR-96-5p was signi�cantly lower
in GAS5 overexpression cell lines compared with that in the normal OC cell line (P < 0.05) (Fig. 4D).
Subsequently, Dual-Luciferase Reporter Gene Assay was applied to con�rm the relationship among
lncRNA GAS5 and miR-96-5p. Compared with the empty vector group, luciferase activity of the GAS5 WT-
binding site was inhibited by miR-96-5p (P < 0.001), while the GAS5 MUT-binding site was not affected (P 
> 0.05). MiR-96-5p could speci�cally bind to lncRNA GAS5 (Fig. 4A). These data indicated that GAS5
functioned as a ceRNA of miR-96-5p. Moreover, we performed RIP assay based on Ago2. We
overexpressed lncRNA GAS5 in SKOV3 cells then pulled down Ago2 using anti-Ago2 antibody.
Overexpression of GAS5 can result in a signi�cant decrease in the enrichment of PTEN transcripts pulled
down by Ago2 (P < 0.01) in Fig. 4B, indicating that there existed miRNA-bound PTEN transcripts. lncRNA
GAS5 can compete with the PTEN transcript for the binding of miRNAs.
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GAS5 and miR-96-5p regulate proliferation and migration of
OC cells
To determine whether miR-96-5p or lncRNA GAS5 in�uences OC cell proliferation and migration, miR-96-
5p mimics were generated. qPCR results showed that expression of miR-96-5p was enhanced under the
in�uence of miR-96-5p mimic (P < 0.001) (Fig. 4F). CCK-8 assay was performed to analyze the effects
exerted by GAS5 and miR-96-5p on OC cells proliferation. GAS5 up-regulation and miR-96-5p down-
regulation deterred the proliferation of OC cells compared with the NC group (P < 0.05) (Fig. 5A, 5B). The
scratch test revealed that compared to the control group in HEY cell lines, cellular migration ability was
enhanced in miR-96-5p mimic groups(P < 0.01), while miR-96-5p inhibitor groups were declined P < 0.01),
It was drawn that down-regulated GAS5 expression and up- regulated miR-96-5P expression induced
strong migration ability of ovarian cancer cells than NC group(P < 0.001).Furthermore, up-regulated GAS5
expression and down- regulated miR-96-5P expression retrained migration ability than NC group (P < 
0.001) as shown in Fig. 5C. Similar results were obtained from the SKOV3 cell line (Fig. 5D). Colony
formation assay was applied to analyze the effects exerted by GAS5 and miR-96-5p on proliferation of
OC cells. GAS5 up-regulation and miR-96-5p down-regulation deterred the proliferation of OC cells
compared with the NC group (P < 0.01; P < 0.001) (Fig. 6A and B).

lncRNA GAS5 and miR-96-5p repress invasion ability of OC
cells
By transwell assay, we observed the in�uence of OC cell invasion by miR-96-5p or lncRNA GAS5. As
shown in Fig. 7A-D, the invasion ability of HEY cells in the control group was not signi�cant in�uenced (P 
> 0.05), while in the oe-lncRNA GAS5 and miR-96-5p inhibitor groups, the invasion ability was inhibited (P 
< 0.05). Compared with oe-lncRNA GAS5 and miR-96-5p inhibitor groups, the invasion ability increased in
oe-lncRNA GAS5 + miR-96-5p mimic and miR-96-5p mimic groups (all P < 0.05). Similar results were
observed in the SKOV3 cell line (Fig. 7A-D).

lncRNA GAS5 promotes OC cell apoptosis through
interaction with miRNA-96-5p
Apoptosis of SKOV3 cells was detected by �ow cytometry after transfection of GAS5 and miR-96-5p for
72 h. As shown in Fig. 8A, compared with control group, the apoptosis rate of oe-lncRNA GAS5 group (P < 
0.05) and miR-96-5p inhibitor group (P < 0.05) increased signi�cantly in SKOV3 cells, but it decreased in
the miR-96-5p mimic and oe-lncRNA GAS5 + miR-96-5p mimic groups (P < 0.05). Similar trends were
found in the HEY cell line (Fig. 8B).

Upregulation of lncRNA GAS5 increases PTEN protein level
but inhibits phosphorylation of AKT
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As the PTEN/AKT/mTOR pathway is essential for cell proliferation and invasion, we investigated the
correlations of GAS5, miR-96-5p and the PTEN/AKT/mTOR pathway in OC cells. Bioinformatic analysis
showed that there were speci�c binding sites between the sequences of miR-96-5p and 3  UTR of PTEN
and between GAS5 and sequences of miR-96-5p. We also found that the luciferase activity of the PTEN-
3  UTR (WT) was signi�cantly inhibited by miR-96-5p (P < 0.05), whereas the activity of PTEN-3  UTR
(MUT) was not affected (P > 0.05), indicating that miR-96-5p speci�cally bound to PTEN-3  UTR and
reduced the expression of PTEN after transcription (Fig. 9A and B). Western blot examined the protein
expression of the PTEN pathway in the HEY and SKOV3 cell lines. Compared with the control group,
protein expression of PTEN did not show signi�cant differences in the empty vector group (all P > 0.05).
In contrast to the control group, the oe-lncRNA GAS5 group and miR-96-5p inhibitor group revealed
increased protein expression of PTEN, but decreased phosphorylation of AKT, N-cadherin, Snail, PI3K-p85,
and P-mTOR (all P < 0.05). Protein expression of PTEN was lower, while phosphorylation of AKT, N-
cadherin, Snail, PI3K-p85, and mTOR was higher in the oe-lncRNA GAS5 + miR-96-5p mimic group than
those in the oe-lncRNA GAS5 and miR-96-5p inhibitor groups (all P < 0.05). However, protein expression of
PTEN did not differ signi�cantly between the oe-lncRNA GAS5 and miR-96-5p inhibitor groups (all P > 
0.05). The protein expression of AKT remained nearly the same among all groups in the HEY cell line
(Fig. 9C). Further, the results were similar in the SKOV3 cell line (Fig. 9D).

Discussion
More and more studies have con�rmed the important role of lncRNAs in numerous biological processes.
Aberrantly expressed lncRNAs has been discovered and investigated in the pathogenesis and
development of OC. This study shows that lncRNA GAS5 can inhibit OC cell proliferation and promote
apoptosis by negatively targeting miR-96-5p/PTEN axis.

GAS5 expression has been examined in various cancers including breast, ovarian, and cervical
carcinomas (17–20). We previously con�rmed that GAS5 expression in human tumor cells is relatively
lower than that of the normal tissues (21), in agreement with the speculation that GAS5 exerts an anti-
proliferative, tumor-suppressing function. lncRNA GAS5 is involved in cell proliferation, drug resistance,
tumor cell invasion, apoptosis, and autophagy. However, the detailed underlying mechanism remains
unclear. Our study concentrated on the biological role of lncRNA GAS5 in OC.

We observed that upon GAS5 overexpression, OC cell proliferation was suppressed and apoptosis
increased, concurrent with the function of GAS5 in other carcinomas, including pancreatic cancer and
breast cancer (22, 23). ceRNA, including lncRNA, binds to miRNA and serves as a “sponge” to absorb
miRNA in cells. It is well-known that miRNA can bind to the 3  UTRs of the mRNAs of target gene, thus
regulating their expression. As an effective miRNA sponge, lncRNAs are primarily located in the
cytoplasm (24, 25). We isolated RNA from the nucleus and cytoplasm of SKOV3 cells. The FISH assay
revealed lncRNA GAS5 upregulation in the cytoplasm, suggesting that lncRNA GAS5 can play a regulatory
role in a ceRNA-dependent manner. Therefore, we speculated that GAS5 can bind to miRNAs to exert its
function, concurrent with previous reports. For example, GAS5 positively regulates miR-222 in colorectal
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cancers (26). Other lncRNA, including PTAR, also binds to miR-101-3p to regulate zinc �nger E-box-
binding homeobox 1 (ZEB1) expression, promoting epithelial–mesenchymal transition (EMT) and
invasion in OC (27). We investigated the related recruitment of miRNAs. Microarray results (3 EOC
samples vs. 3 normal samples) demonstrated that top 9 miRNAs were involved in the occurrence of OC
cells as shown in our results of Agilent ceRNA in heatmaps. Bioinformatics analysis indicates that GAS5
possesses the conserved target site of miR-96-5p with a high a�nity score. The overexpression of miR-
96-5P has been discovered in HNSCC (15), and LncRNA GAS5 acts as a competing endogenous RNA of
miR-96-5p in renal tubular epithelial �brosis (28). The results of luciferase reporter assay con�rmed the
interaction between lncRNA GAS5 and miR-96-5p. The results showed that the binding of lncRNA GAS5 to
miR-96-5p was sequence-speci�c. miRNA regulates stability and translation of mRNA at the post-
transcriptional level (29). It suggests that GAS5 exerts its biological functions by directly binding with
miR-96-5p.

PTEN is a tumor-suppressor gene that is frequently deleted or mutated in various human cancers (30).
PTEN can be regulated by PI3K/AKT. Up-regulation of PTEN can reduce the generation of reactive oxygen
species in cells (31). Furthermore, PTEN might be a potential target of miR-96-5p as predicted by
bioinformatic method. PTEN in�uences OC progression (32, 33). Increasing evidence indicates that
miRNA is vital during the pathogenesis of tumors and can affect invasion and proliferation of tumors by
regulating the PI3K/AKT signing pathway(34). For example, lamin A/C protein can promote prostate
cancer cell growth, migration, and invasion through the PI3K/AKT/mTOR pathway (35). Moreover, the
PI3K/AKT/mTOR pathway contributes to neuroprotection in a traumatic brain injury through PPAR(36).
Inactivation of PTEN is positively correlated with the aggressive capacity of OC, whereas PTEN plays a
tumor-suppressive role in OC (37, 38). Our study initially identi�ed an inverse relationship between miR-
96-5p and PTEN expression levels in ovarian cell lines through bioinformatics analysis
(http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/). Dual-luciferase reporter assay also con�rmed
the interaction between miR-96-5p and PTEN. Therefore, we can infer that miR-96-5p is at least partially
responsible for oncogenic role of PTEN. Moreover, miR-96-5p inhibited proliferation proteins by targeting
PTEN. The relationship between lncRNA GAS5 and PTEN was further testi�ed by western blot assay. The
rescuing experiment results showed that lncRNA GAS5 upregulated PTEN expression and suppressed
expression of cell proliferation and migration-related proteins by acting as a miR-96-5p sponge. Mice
models overexpressing lncRNA GAS5 were established by intraperitoneal injection of transfected GAS5
OC. We found that overexpression of lncRNA GAS5 signi�cantly inhibited tumor metastasis and growth,
and PTEN expression in tumor tissues. It has been reported that GAS5 inhibits the proliferation, migration,
invasion, and epithelial stromal transformation of OSCC by regulating miR21/PTEN axis (39). In the
present study, the activation of PTEN/AKT/mTOR was enhanced when GAS5 was overexpressed. These
results demonstrate that GAS5 can regulate PTEN/AKT/mTOR pathway in OC.

Although we demonstrated the role of the AKT/PTEN signaling pathway in OC cells, the mechanism
underlying the activation of the AKT/PTEN pathway by LncRNA GAS5 and miR-96-5p has not been
completely elucidated; therefore, it warrants further investigations.
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Conclusion
lncRNA GAS5 as a ceRNA which regulates the PTEN/AKT/mTOR axis through sponging miR-96-5p in OC.
lncRNA GAS5 overexpression can inhibit cell proliferation and invasion via mediating the miR-96-
5p/PTEN-signaling axis in OC patients. this study can be used as a reference version for clinical
treatment of ovarian cancer by investigating the possible function of lncRNA GAS5 through miR-96a-
5p/PTEN axis.

Methods

Microarray analysis
Total RNA in the ovarian tissue RNA samples were hybridized to SBC Human (4 × 180 K) ceRNA
microarray (Shanghai Biotechnology Co, Shanghai, China). Quantile normalization was applied using
GeneSpring GX v11.5.1 software (Agilent Technologies). lncRNAs with differential expression were
selected according to the criteria of change fold ≥ 2 and P < 0.05 as previously described (17) .

Cell culture
Human OC cell lines HEY and SKOV3 were obtained from China Academia of Sciences (Shanghai,
China). Cells were cultured in Dulbecco’s modi�ed Eagle medium (Gibco, USA) with 10% fetal bovine
serum (HyClone, USA). All cells were cultured at 37 °C with 5% CO2 in a humidi�ed atmosphere. When the
cells adhered to the wall bottom, they were digested by 0.25% trypsin for subculture. Cells at the
logarithmic growth phase were collected for further experiments.

Cell transfection
Human GAS5 gene (NR_002578) with the BamHI and XhoI restriction site sequences was synthesized
(GenePharma, Shanghai, China). After achieving retrovirus-mediated stable expression of GAS5 in SKOV3
and HEY cell lines, real-time quantitative polymerase chain reaction (real-time qPCR) was conducted to
validate GAS5 overexpression in the two cell lines (Fig. 1D) and a mimic-miR-96-5p (sense, 5 -
UUUGGCACUAGCACAUUUUUGCU-3 ; antisense, 5 -CAAAAAUGUGCUAGUGCCAAAUU-3 ) was synthesized.
The empty vector pcDNA3.1 and scramble siRNA were used as control. Lipofectamine 2000 reagent
(ThermoFisher) was utilized for transfection. After 24 h, cells were harvested for subsequent experiments.
Real-time qPCR was used to assess transfection e�cacy.

Cell Counting Kit-8 Assay
Cell proliferation was tested using Cell Counting Kit-8 (CCK-8) assay (Dojindo Molecular Technologies,
Kumamoto, Japan). Brie�y, OC cells were plated with 5 × 103 cells per well in 96-well plates. At speci�c
time points (12, 24, 48, and 72 h), the original supernatants were removed from each well and 100 µL
culture medium with 10 µL CCK-8 solution was added ,after which cells were incubated at 37 °C for 2 h.
Cell viability was evaluated by a microplate reader (Multiskan MK3, Thermo Scienti�c, USA).
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Colony formation assay
A total of 1 × 103 HEY and SKOV3 cells were plated in 6-well plates to disperse the cells evenly. Following
incubation at 37 °C in 5% CO2 for 10–14 days, the culture was terminated when the colonies were visible
by eye. The original medium was removed, and the cells were washed twice by phosphate-buffered saline
(PBS). Subsequently, the colonies were �xed by methanol at − 20 °C for 15 min and stained with crystal
violet for 20 min. Then the staining �uids were rinsed off. Images were taken from the stained plates
under low magni�cation, and segments labeled on the plates were identi�ed as scale. The colonies with a
diameter larger than scale size were included for calculation.

Wound-healing assay
Cell migration ability was assessed by wound-healing assay. Brie�y, 2 × 105 SKOV3 and HEY cells were
cultured in 6-well plates. After 24 h, a thin wound was made by scraping with a sterile pipette tip across
the center of each well. The cells were then cultured for 24 and 48 h for the observation of the wound.
Five random views of each well were captured under microscope.

Transwell Assay
In total, 2 × 105 cells were transfected after 48 h and resuspended in serum-free DMEM. Two-hundred-
milliliter cell suspensions were placed in the upper chambers with an 8 µm pore size polycarbonate
membrane Transwell insert (Corning Costar, MD, USA) coated with 50 µL of Matrigel (1:4 dilution in a
serum-free medium), and 600 mL DMEM supplemented with 10% serum as a chemotactic factor was
added in the lower chambers, following a 24 h incubation, cells were stained with crystal violet for those
across the porous membrane.

Flow cytometry
HEY and SKOV3 cells were cultured in a 6-well plate with 5 × 106 per well at 37 °C and were classi�ed into
oe-GAS5 or NC groups. Cells were then digested by 0.25% trypsin without EDTA and resuspended in 100
µL of 1 × binding buffer at a density of 1 × 106 /mL staining with Annexin V-�uorescein isothiocyanate
(FITC)/propidium iodide (PI). Fluorescence intensity was detected by FACScan �ow cytometer (BD
Biosciences) to determine the percentage of apoptotic cells.

Dual-luciferase reporter gene assay
Bioinformatics prediction websites were used for the possible binding sites of miR-96-5p and lncRNA
GAS5. Several prediction target tools, such as miRWalk3 (http://zmf.umm.uni-
heidelberg.de/apps/zmf/mirwalk2/) and DIANA Tools
(http://carolina.imis.athenainnovation.gr/diana_tools/web/index.php?r=site/tools), were used. The full
length of GAS5 and the 3  UTR of PTEN were ampli�ed separately and cloned into a pmirGLO Dual-
Luciferase miRNA Target Expression Vector (Promega, USA). pGAS5-MUT (mutant type) and pPTEN-MUT
vectors were constructed using the pRL-TK vector (Promega, USA). MiR-96-5p mimic and miR-96-5p
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empty vectors were separately co-transfected with luciferase reporter gene vector into HEY and SKOV3
cells. Luciferase activity was detected using the kit (Promega, USA).

Real-time qPCR
TRIzol reagent (Invitrogen, Thermo Fisher Scienti�c, USA) and the Universal microRNA Puri�cation Kit
(EZBioscience, USA) was used to extract total RNA according to protocol. Then, cDNAs were synthesized
using PrimeScript RT-PCR kit (TakaraBio, Japan). PCR was conducted on an ABI 7500 Real-Time PCR
System (Applied Biosystems, Foster City, USA) using SYBR Premix Ex Taq II kit (Takarabio, Japan) with a
miRNA-speci�c 5  primer (has-miR-96-5p: CGGTTTGGCACTAGCACATTTTTG). The primer sequences for
GAS5 were as follows: forward, 5 -GGTATGGAGAGTCGGCTTGA-3  and reverse, 5 -
GCAAGACCCTTTCAAGCAGT-3 . GAPDH was used as an internal control for mRNAs with primers as
follows: forward, 5 -GAAGGTGAAGGTCGGAGTC-3  and reverse, 5 -GAAGATGGTGATGGGATTTC-3 . U6
forward, 5 -CTCGCTTCGG CAGCACA-3 , and reverse, 5 -AACGCTTCACGAATTTGCGT-3  was used as an
internal control for miRNAs. Gene expression was analyzed using the ΔΔCq method.

RNA immunoprecipitation assays
SKOV3 cells were transfected with LV-GAS5 and LV-NC. RNA immunoprecipitation assay (RIP) was
carried out according to the protocols. The RIP buffer contained magnetic beads conjugated with IgG
(control) and the Ago2 antibody (Abcam, ab32381, UK), and was used to obtain the cell lysate. Magna
RIP RNA-Binding Protein Immunoprecipitation Kit (EMD Millipore, USA) was applied for RNA
immunoprecipitation. RNAs were then isolated and quanti�ed by Qubit 3.0 (Life Technologies, US). The
co-precipitated RNAs were detected by qPCR and were performed to examine the expression levels of
lncRNA GAS5 and PTEN.

Western blot
Total protein was extracted and separated using 10% SDS-PAGE (sodium dodecyl sulfate -polyacrylamide
gel electrophoresis) and transferred to polyvinylidene �uoride (PVDF) membranes (Millipore, USA).
Subsequently, the membranes were then blocked in 5% skimmed milk, and incubated with primary
antibodies at 4 °C overnight. After blocking with 5% BSA (Sigma-Aldrich; USA) at 37 °C for 1 h, the
membrane was incubated with primary antibodies of PTEN (1:1,000; cat. no. 9188T; Cell Signaling
Technology, USA), AKT (1:1,000; cat. no. 4691T; Cell Signaling Technology, USA), p-AKT (1:2,000; cat. no.
4060T; Cell Signaling Technology, USA), N-Cadherin (1:1,000; cat. no. 13116T; Cell Signaling Technology,
USA), PI3K-p85 (1:1,000; cat. no. 173665; Cell Signaling Technology, USA), Cleaved Caspase-3 (1:1,000;
cat. no. 9664T; Cell Signaling Technology, USA), Snail (1:1,000; cat. no. 3897T; Cell Signaling Technology;
USA), p-mTOR (1:1,000; cat. no. 5536T; Cell Signaling Technology, USA) and β-actin (1:500; cat. no.
F3002; Sigma-Aldrich, USA) at 4 °C overnight. Following incubation with a horseradish peroxidase (HRP)-
conjugated goat anti-rabbit (1:5,000; cat. no. ab205718; Abcam) or goat anti-mouse (1:5,000; cat. no.
ab205719; Abcam) secondary antibody at 4 °C for 2 h, densitometric analysis was performed using
ImageJ v2.4.1 (National Institutes of Health) with protein expression levels normalized to β-actin.

Tumorigenicity assays in nude mice
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Animal studies were approved by the committee for the use and care of animals of Renji Hospital
(Shanghai, China) with the approval number (39) 114. Brie�y, HEY cells were stably transfected with
different vectors (Lenti-GAS5 overexpression or Lenti-control) for 72 h. The cells were then harvested for
the injection. Four to six weeks old nude mice were randomly divided into two groups: NC group and
GAS5 group (n = 6 in each group) and injected subcutaneously approximately 6 × 106 cells diluted in
200µL PBS from right �anks. Tumors were evaluated every week for 5 weeks. The observation was
stopped and the mice were executed in 35 days. Tumor development was monitored, The difference in
the number of visible tumors and the weight between the two group and tumor sizes were measured. The
tumor volume (V) was calculated from the formula: V = ½ (length × width2). The protein expression levels
in tumors of the two groups were also detected though immunohistochemistry.

Immunohistochemistry
The sections were prepared after tissues from nude mice were embedded in para�n. Expression of PTEN
were detected by staining. Slides were observed under the microscope (400⊆) (Olympus, Japan). The
results were graded by the percentage of positive cells.

RNA-�sh
Cy3-labeled GAS5 and DAPI-labeled U6 probes were customized from RiboBio (Guangzhou, China). RNA
FISH were conducted according to �uorescent in situ hybridization kit by following manufacturer’s
instructions.

Statistical analysis
Statistical analysis was performed by the software SPSS 22.0. Quantitative results were expressed as
mean ± standard deviation (SD) and were compared using Student’s t-test. P values less than 0.05 were
considered statistically signi�cant.

Abbreviations
ANOVA Analysis of variance

FISH Fluorescence in situ hybridization

GEPIA Gene Expression Pro�ling Interactive Analysis

OC Ovarian cancer

PBS Phosphate-buffered saline

PI Propidium iodide

RIPA RNA immunoprecipitation assay
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SD Standard deviation

lncRNA Long non-coding RNAs

GAS5 growth arrest-speci�c transcript 5

ceRNA competing endogenous RNA

PTEN phosphatase and tensin homolog deleted on chromosome ten
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Figures

Figure 1
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lncRNA GAS5 is downregulated in OC and inhibits OC tumor growth in mouse xenograft models. (A)
GAS5 had a low-level expression in ovarian cancer (OC). (B-C) LV-GAS5 or the empty LV vector plasmids
were transfected into OC cells. After 72 h, overexpression e�ciency of GAS5 was evaluated by real-time
quantitative PCR (real-time qPCR). (D) Following stable transfection of mutation type GAS5 (GAS5 Mut)
plasmid (200 ×). (E) Body weight was monitored during the detectable period in nude mice. (F) Typical
images of disseminated tumors in intraperitoneal OC xenograft model treated with vehicle NC buffer or
LV-GAS5. (G-H) Whole tumor number and weight in intraperitoneal OC xenograft model treated with
vehicle NC buffer (n = 6) or LV-GAS5 (n = 6) were quanti�ed in nude mice. *, P < 0.05; **, P < 0.01.
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Figure 1

lncRNA GAS5 is downregulated in OC and inhibits OC tumor growth in mouse xenograft models. (A)
GAS5 had a low-level expression in ovarian cancer (OC). (B-C) LV-GAS5 or the empty LV vector plasmids
were transfected into OC cells. After 72 h, overexpression e�ciency of GAS5 was evaluated by real-time
quantitative PCR (real-time qPCR). (D) Following stable transfection of mutation type GAS5 (GAS5 Mut)
plasmid (200 ×). (E) Body weight was monitored during the detectable period in nude mice. (F) Typical
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images of disseminated tumors in intraperitoneal OC xenograft model treated with vehicle NC buffer or
LV-GAS5. (G-H) Whole tumor number and weight in intraperitoneal OC xenograft model treated with
vehicle NC buffer (n = 6) or LV-GAS5 (n = 6) were quanti�ed in nude mice. *, P < 0.05; **, P < 0.01.

Figure 2

lncRNA GAS5 suppresses HEY and SKOV3 cell proliferation ability (A) Tumor tissues in nude mice were
detected PTEN expression according to immunohistochemical staining. (B) Proliferation of HEY and
SKOV3 cell lines were compared between LV-GAS5 and NC groups. (C)Viability of HEY and SKOV3 cell
lines in LV-GAS5 and NC groups was assessed. The experiments were repeated thrice. Data are shown as
percent control of vehicle-treated wells. *, P < 0.05; **, P < 0.01 ***, P < 0.001.
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Figure 2

lncRNA GAS5 suppresses HEY and SKOV3 cell proliferation ability (A) Tumor tissues in nude mice were
detected PTEN expression according to immunohistochemical staining. (B) Proliferation of HEY and
SKOV3 cell lines were compared between LV-GAS5 and NC groups. (C)Viability of HEY and SKOV3 cell
lines in LV-GAS5 and NC groups was assessed. The experiments were repeated thrice. Data are shown as
percent control of vehicle-treated wells. *, P < 0.05; **, P < 0.01 ***, P < 0.001.
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Figure 3

lncRNA GAS5 suppresses HEY and SKOV3 cell migration and invasion ability (A) A wound-healing test
was conducted to examine the migration of HEY and SKOV3 cells in the seven groups at 24 h and 48 h
following transfection. (B) The wound-healing rate in HEY and SKOV3 cells. GAS5 compared with the
control group. (C) The cell invasion of HEY and SKOV3 cells following transfection in GAS5 and NC
groups (200 ×). (D) The number of invasive HEY and SKOV3 cells following transfection in the oe-GAS5
group. The data are presented as the mean ± standard deviation (SD) and analyzed by one-way analysis
of variance (ANOVA). The experiment was independently repeated thrice. *, P < 0.05.
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Figure 3

lncRNA GAS5 suppresses HEY and SKOV3 cell migration and invasion ability (A) A wound-healing test
was conducted to examine the migration of HEY and SKOV3 cells in the seven groups at 24 h and 48 h
following transfection. (B) The wound-healing rate in HEY and SKOV3 cells. GAS5 compared with the
control group. (C) The cell invasion of HEY and SKOV3 cells following transfection in GAS5 and NC
groups (200 ×). (D) The number of invasive HEY and SKOV3 cells following transfection in the oe-GAS5
group. The data are presented as the mean ± standard deviation (SD) and analyzed by one-way analysis
of variance (ANOVA). The experiment was independently repeated thrice. *, P < 0.05.
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Figure 4

lncRNA GAS5 sponged miR-96-5p by direct targeting (A) The miR-96-5p binding site in lnc-GAS5 3  UTR.
Binding relationship between GAS5 and miR-96-5p was detected by luciferase reporter assay with wild-
type (WT) or Mut luciferase reporter plasmids of GAS5. (B) qPCR results of the RIP showed lncRNA GAS5
can compete with PTEN by binding Ago2 protein. (C) Heatmap showing the hierarchical clustering of
differentially expressed genes in patients with GAS5. Red: upregulated genes; green: downregulated
genes. (D) miR-96-5p expression was detected by real-time qPCR. OC cell lines were transfected with LV-
GAS5 (E) FISH assay revealed that lnc-GAS5 was localized in the cytoplasm and the nucleus of SKOV3
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cells. (F) miR-96-5p expression was assessed by real-time qPCR when miR-96-5p mimic was transfected
in HEY and SKOV3 cell lines. *, P < 0.05; **, P < 0.01 ***, P < 0.001.

Figure 4

lncRNA GAS5 sponged miR-96-5p by direct targeting (A) The miR-96-5p binding site in lnc-GAS5 3  UTR.
Binding relationship between GAS5 and miR-96-5p was detected by luciferase reporter assay with wild-
type (WT) or Mut luciferase reporter plasmids of GAS5. (B) qPCR results of the RIP showed lncRNA GAS5
can compete with PTEN by binding Ago2 protein. (C) Heatmap showing the hierarchical clustering of
differentially expressed genes in patients with GAS5. Red: upregulated genes; green: downregulated
genes. (D) miR-96-5p expression was detected by real-time qPCR. OC cell lines were transfected with LV-
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GAS5 (E) FISH assay revealed that lnc-GAS5 was localized in the cytoplasm and the nucleus of SKOV3
cells. (F) miR-96-5p expression was assessed by real-time qPCR when miR-96-5p mimic was transfected
in HEY and SKOV3 cell lines. *, P < 0.05; **, P < 0.01 ***, P < 0.001.

Figure 5

lncRNA GAS5 inhibits HEY and SKOV3 cell Viability and migration ability through the modulation of miR-
96-5p. (A-B) Viability of HEY and SKOV3 cell lines was assessed with in LV-GAS5, miR-96-5p mimic, miR-
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96-5p inhibitor, and NC groups. (C-D) A wound-healing test was conducted to examine the migration of
HEY cells and SKOV3 cells in the three groups at 24 and 48 h following transfection. The data are
presented as the mean ± SD and analyzed using one-way ANOVA. The experiment was independently
repeated thrice. *, P < 0.05; **, P < 0.01 ***, P < 0.001.

Figure 5
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lncRNA GAS5 inhibits HEY and SKOV3 cell Viability and migration ability through the modulation of miR-
96-5p. (A-B) Viability of HEY and SKOV3 cell lines was assessed with in LV-GAS5, miR-96-5p mimic, miR-
96-5p inhibitor, and NC groups. (C-D) A wound-healing test was conducted to examine the migration of
HEY cells and SKOV3 cells in the three groups at 24 and 48 h following transfection. The data are
presented as the mean ± SD and analyzed using one-way ANOVA. The experiment was independently
repeated thrice. *, P < 0.05; **, P < 0.01 ***, P < 0.001.

Figure 6

lncRNA GAS5 inhibits HEY and SKOV3 cell proliferation ability through the modulation of miR-96-5p. (A-
B) Proliferation of HEY and SKOV3 cell lines were assessed in LV-GAS5, miR-96-5pmimic, miR-96-5p
inhibitor, and NC groups. The data are presented as the mean ± SD and analyzed using one-way ANOVA.
The experiment was independently repeated thrice. *, P < 0.05.; **, P < 0.01 ***, P < 0.001.
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Figure 6

lncRNA GAS5 inhibits HEY and SKOV3 cell proliferation ability through the modulation of miR-96-5p. (A-
B) Proliferation of HEY and SKOV3 cell lines were assessed in LV-GAS5, miR-96-5pmimic, miR-96-5p
inhibitor, and NC groups. The data are presented as the mean ± SD and analyzed using one-way ANOVA.
The experiment was independently repeated thrice. *, P < 0.05.; **, P < 0.01 ***, P < 0.001.



Page 29/35

Figure 7

lncRNA GAS5 inhibits HEY and SKOV3 cells invasion ability through the modulation of miR-96-5p. (A)
Transwell assay of HEY and SKOV3 cells in LV-GAS5 and miR-96-5p mimic groups after transfection (200
×). (B) The number of invasive HEY and SKOV3 cells in LV-GAS5 and miR-96-5p mimic groups after
transfection. (C) Transwell assay of HEY and SKOV3 cells in the miR-96-5p inhibitor group after
transfection (200 ×). (D) The number of invasive HEY and SKOV3 cells in LV-GAS5 and miR-96-5p
inhibitor groups following transfection. The data are presented as the mean ± SD and analyzed using
one-way ANOVA. The experiment was independently repeated thrice. *, P < 0.05.
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Figure 7

lncRNA GAS5 inhibits HEY and SKOV3 cells invasion ability through the modulation of miR-96-5p. (A)
Transwell assay of HEY and SKOV3 cells in LV-GAS5 and miR-96-5p mimic groups after transfection (200
×). (B) The number of invasive HEY and SKOV3 cells in LV-GAS5 and miR-96-5p mimic groups after
transfection. (C) Transwell assay of HEY and SKOV3 cells in the miR-96-5p inhibitor group after
transfection (200 ×). (D) The number of invasive HEY and SKOV3 cells in LV-GAS5 and miR-96-5p
inhibitor groups following transfection. The data are presented as the mean ± SD and analyzed using
one-way ANOVA. The experiment was independently repeated thrice. *, P < 0.05.
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Figure 8

lncRNA GAS5 promotes HEY and SKOV3 cell apoptosis through the modulation of miR-96-5p. (A) SKOV3
cell apoptosis at 48 h post treatment, measured by �ow cytometry. Apoptosis rate in LV-GAS5, miR-96-5p
mimic, and LV-GAS5+ miR-96-5p mimic, and miR-96-5p inhibitor groups. (B) HEY cell apoptosis at 48 h
post treatment measured by �ow cytometry. Apoptosis rate in LV-GAS5, miR-96-5p mimic, and LV-GAS5+
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miR-96-5p mimic, and miR-96-5p inhibitor groups. The data are presented as the mean ± SD and
analyzed using one-way ANOVA. The experiment was independently repeated thrice. *, P < 0.05.

Figure 8

lncRNA GAS5 promotes HEY and SKOV3 cell apoptosis through the modulation of miR-96-5p. (A) SKOV3
cell apoptosis at 48 h post treatment, measured by �ow cytometry. Apoptosis rate in LV-GAS5, miR-96-5p
mimic, and LV-GAS5+ miR-96-5p mimic, and miR-96-5p inhibitor groups. (B) HEY cell apoptosis at 48 h
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post treatment measured by �ow cytometry. Apoptosis rate in LV-GAS5, miR-96-5p mimic, and LV-GAS5+
miR-96-5p mimic, and miR-96-5p inhibitor groups. The data are presented as the mean ± SD and
analyzed using one-way ANOVA. The experiment was independently repeated thrice. *, P < 0.05.

Figure 9

lncRNA GAS5 increases protein levels of PTEN and cleaved caspase-3 but decreases the phosphorylation
of AKT, mTOR, N-cadherin and Snail. (A) The miR-96-5p binding site in the sequence of PTEN 3  UTR. (B)
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Binding relationship between PTEN and miR-96-5p was detected by luciferase reporter assay with WT or
Mut luciferase reporter plasmids of PTEN. (C) The protein bands of P-mTOR, N-cadherin, PI3K-p85, PTEN,
AKT, p-AKT, cleaved caspase-3, Snail, and β-actin in HEY cells detected by western blot assay. (D) The
protein bands of P-mTOR, N-cadherin, PI3K-p85, PTEN, AKT, P-AKT, cleaved caspase-3, Snail, and β-actin
in SKOV3 cells detected by western blot. The data are presented as the mean ± SD and analyzed using
one-way ANOVA. The experiment was independently repeated thrice. *, P < 0.05; **, P < 0.01 ***, P <
0.001.
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Figure 9

lncRNA GAS5 increases protein levels of PTEN and cleaved caspase-3 but decreases the phosphorylation
of AKT, mTOR, N-cadherin and Snail. (A) The miR-96-5p binding site in the sequence of PTEN 3  UTR. (B)
Binding relationship between PTEN and miR-96-5p was detected by luciferase reporter assay with WT or
Mut luciferase reporter plasmids of PTEN. (C) The protein bands of P-mTOR, N-cadherin, PI3K-p85, PTEN,
AKT, p-AKT, cleaved caspase-3, Snail, and β-actin in HEY cells detected by western blot assay. (D) The
protein bands of P-mTOR, N-cadherin, PI3K-p85, PTEN, AKT, P-AKT, cleaved caspase-3, Snail, and β-actin
in SKOV3 cells detected by western blot. The data are presented as the mean ± SD and analyzed using
one-way ANOVA. The experiment was independently repeated thrice. *, P < 0.05; **, P < 0.01 ***, P <
0.001.


